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ABSTRACT

Anaerobic biological treatment can comprise a viable route of CH,4 production through the energy
recovery of organic solid waste (OSW). This work therefore presented a bibliometric analysis of
research trends on the theme "Applicability of biological treatment via Anaerobic Digestion in Organic
Solid Waste", considering experimental articles published from 2018 to 2022 in the Web of Science
database™; the analysis used VoSviewer software to define research trends, and found that the main
terms addressed in the mapped scientific articles were anaerobic, waste, sludge, waste food, municipal
waste, anaerobic co-digestion, sewage sludge, organic fraction, co-digestion and biogas. As a product
of such mapping, an Interaction Network Diagram was constructed comprising the main terms in
addition to a theoretical foundation on anaerobic digestion and biochemical and microbiological aspects
about the process.

Keywords: anaerobic co-digestion, clean energy, food waste, microbial intercropping.

Analise bibliométrica acerca da aplicabilidade da digestao anaerdbia
em residuos solidos organicos

RESUMO

O tratamento biologico por via anaerobia pode compreender uma rota viavel de produgéo
de CH4 atraves da recuperacdo energética dos residuos solidos organicos (RSO). Logo, neste
trabalho apresentou-se uma andlise bibliométrica das tendéncias de pesquisa acerca da tematica
“Aplicabilidade do tratamento bioldgico via Digestdo Anaerdbia em Residuos Solidos
Organicos”, considerando artigos experimentais publicados no periodo do ano de 2018 ao ano
de 2022 na base de dados da Web of Science™; para definir as tendéncias de pesquisa fez-se
uso do software VoSviewer, que evidenciou que 0s termos principais abordados nos artigos
cientificos mapeados foram: anaerobic digestion, waste, sludge, food waste, municipal solid
waste, anaerobic co-digestion, sewage sludge, fraction organic, co-digestion e biogas. Como
produto de tal mapeamento construiu-se um Diagrama de Rede de Interagdes, compreendendo
o0s termos principais, além de uma fundamentacéo teodrica sobre digestao anaerdbia e 0s aspectos
bioquimicos e microbioldgicos sobre o processo.
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1. INTRODUCTION

The statistics presented by Word Bank point to an increase in the production of municipal
solid waste of more than 2.2 billion tons per year by 2025, approximately 46% of the
gravimetric composition of these are of organic origin.

In view of this, biological treatment via anaerobic digestion has been widely explored in
order to enable methane production (CH4) from the energy recovery of organic solid waste
(OSW). Such treatment may help to address problems related to the intensive production of
organic solid waste and the pressures on the exploitation of natural and nonrenewable energy
resources (Tyagi et al., 2018; Chen et al., 2019; Cremonez et al., 2021).

Biogas production (CH4, CO2 and others) comes from the conversion of volatile solids, and
biogas production varies according to the operational conditions of digesters, in addition to the
physical-chemical factors associated with the digestion process itself. Assam et al. (2011),
Garcia-Pefia et al. (2011), Di Maria and Baratta (2015) promote the applicability of
biodegradable municipal solid waste to anaerobic digestion as a viable method of diversification
in the renewable energy matrix, due to the energy potential of biogas, in addition to the
biodigested and stabilized solid product, which is configured as an efficient organic fertilizer
for agricultural use.

The scientific community reports that one of the disadvantages of using biodegradable
OSW for anaerobic digestion is low nitrogen content, causing an imbalance in the C/N ratio.
Therefore, the practice of anaerobic co-digestion of OSW as one of the substrates of the process
began to be widely explored, associating it with several other residues that have high nutritional
load. Aspects such as increased buffer capacity of the medium, balance in the C/N ratio,
adequacy of moisture and total substrate solids and enrichment of the methanogenic microbiota
may be some of the positive points for the applicability of co-digestion, in order to ensure the
stabilization of anaerobic reactors, as well as to increase the yield of CH4 (Angeriz-Campoy et
al., 2017; Chen et al., 2019; Li et al., 2022).

This study performed a bibliometric analysis on the applicability of biological treatment
via anaerobic digestion in organic solid waste considering the articles that worked with
experimental data published and indexed in the™ Web of Science database, restricted to the
time series from 2018 to 2022.

2. METHODOLOGY

We searched the scientific literature for articles with experimental data published in
indexed journals and available in the Web of Science database (WOS) during the period of 2018
to 2022. We focused on anaerobic digestion, seeking to highlight how the theme "Applicability
of biological treatment via Anaerobic Digestion in Organic Solid Waste™" has been framed in
the scientific field, evidencing the trends of publications, the challenges in the research area and
the countries that stand out in this field of activity.

For the analysis of the data in relation to the publications, we utilized the bibliometric tools
available in the WOS database. To investigate the scientific trends in these publications, we
used VoSviewer software, which establishes interactions and co-occurrences from the main
terms present in titles and keywords extracted from articles published in the scientific literature.
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3. RESULTS

3.1. Bibliometric analysis of data extracted from the Web of Science™ and scientific
trends in research

For the search and selection of scientific articles, we investigated all entries on the themes
"ANAEROBIC DIGESTION" and "ORGANIC SOLID WASTE",. using inclusion parameters
of the time series from 2018 to 2022 and presented data from experimental research, and
excluding review, conference or book chapters.

The searches returned 2102 technical-scientific articles for the research period (2018-
2022). 1t was noticed that these articles were published in journals that fit the environmental
sciences area, with 999 scientific papers; in Engineering, with 842 papers; and in Energy Fuels,
with 579 papers.

The growing interest in research focused on Environmental Sciences, Engineering and
Energy Fuels is understandable due to the pressing need to reduce environmental pressures
exerted by anthropic activities linked to the energy sector and the growing production of solid
waste. and then the field of engineering is strongly linked to the development of efficient and
sustainable technologies, associated with the treatment of organic solid waste and the use of its
by-products as a renewable contributor to the global energy matrix. It was observed that the ten
countries that published the most about the theme between 2018 and 2022 were China, Italy,
India, United States of America, Spain, England, Iran, Canada, Germany and Brazil (Table 1).

Table 1. Countries with the highest publication records.
COUNTRIES PUBLICATION LOG COUNT PERCENTAGE (%)

China 599 28.483%
Italy 223 10.604%
India 155 7.370%

United States 155 7.370%
Spain 144 6.847%
Brazil 99 4.708%

Australia 79 3.757%
Germany 79 3.757%
Canada 78 3.709%
Poland 73 3.471%

Source: Data extracted from WOS (2022).

Some of the countries mentioned in Table 1 are among the largest contributors to the high
percentages of solid waste produced worldwide, shown in Figure 1, which presents the global
generation of municipal solid waste by country for the year 2017. According to world bank data
(2018) the United States, China, India and Brazil generated the largest quantities, and the USA
has the largest per capita generation of 2.6 kg/day of waste produced, which may justify further
scientific research in these countries on the theme in question.

To investigate the scientific trends in these publications, the VoSviewer software was used,
which establishes interactions and co-occurrences from the "main terms" present in titles and
keywords extracted from the articles published in the scientific literature of WOS. The software
mapped the presence of 36,282 terms, which were used in titles and keywords in the scientific
literature published in WOS during the years 2018 to 2022, of which the ten most recurrent
were: anaerobic digestion, waste, sludge, food waste, municipal solid waste, anaerobic co-
digestion, sewage sludge, fraction organic, co-digestion and biogas (Figure 2).
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Figure 1. Global generation of municipal solid waste by country during 2017.
Source: Adapted from World Bank (2018).
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Figure 2. Interaction Network Diagram and Terms Co-occurrence.
Source: Prepared by the authors (2022).

Figure 2 shows the Interaction Network Diagram and co-occurrence of main terms created
by the software from the scan of scientific papers, considering as selection criteria the most
recurrent terms, having a number of occurrences >50, that is, the keyword or term to be
considered significant should have at least 50 or more occurrences in published works of
scientific literature in the databases.

In addition, Figure 2 also shows the association between the main terms through cluster
formation. The red-colored cluster comprised interactions between the themes of anaerobic co-
digestion, co-digestion, food waste and sewage sludge; already the blue-colored cluster has
anaerobic digestion, waste, sludge; and, finally, the green-colored one comprises the municipal
terms solid waste, organic fraction and biogas. From the construction of the diagram
interactions between terms, it was possible to establish the clusters present; precisely, the trends
of what has been addressed by the literature on the theme "Applicability of Biological
Treatment via Anaerobic Digestion in Organic Solid Waste".

Figure 2 shows the occurrence of anaerobic co-digestion in studies developed by the
scientific community today, such practice is strongly associated with the nutritional enrichment
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of the microbiota present in anaerobic systems, besides assisting in the correction of several
operational physicochemical parameters that may affect or inhibit the growth of bacterial and
methanogenic populations.

Some parameters, such as the relationship between carbon and nitrogen (C/N), are
commonly corrected through co-digestion. The optimal values of the C/N ratio surround the
ratios of 20:1 — 30:1; outside these conditions, there are implications for microbial growth due
to lack of nutrients, or excessive environmental toxicity (Chen et al., 2019).

The literature includes studies using sludge or sewage sludge as an enrichment of the
substrate for anaerobic co-digestion, precisely to correct factors such as C/N ratio, pH, low
nutritional load for microbiota responsible for the degradation of organic matter, among other
factors.

It is perceived through Figure 2 that the applicability of sludge has been one of the research
trends in the area of anaerobic digestion and co-digestion, which can be justified by the fact that
the sludge presents recycling potential due to its high nutritional load, being an efficient source
of carbon, nitrogen and phosphorus (Zhao et al., 2022).

Another factor that may justify the increasing use of sludge in energy processes such as
anaerobic digestion may be with an interest in allocating large volumes of sludge is generated
daily by the primary and secondary treatment of wastewater treatment plants, since inadequate
management of this waste can also cause irreversible environmental impacts (Kim et al., 2011).

As for Organic Solid Waste (OSW), Figure 2 also shows a growing interest in the literature
in studying anaerobic digestion in organic waste stemming from food waste or loss. It is
noteworthy that 44% of the gravimetric composition of the waste produced came from food
waste and green waste and 2% from wood waste (World Bank, 2018). Such aspects of
generation and composition can be associated in order to justify the growing tendency of the
literature to develop experimental research involving the applicability of anaerobic digestion
from the use of these percentages of OSW, especially when addressing the need for better
management of these.

3.2. Rationale on anaerobic digestion in organic solid waste

In an anaerobic route, either in mono or co-digestion (Figure 3), the OSW, whether or not
it comes from food residue, constitutes organic polymers, which can be biologically degraded
to CH4 and CO, involving at least two large groups of microorganisms. During hydrolysis (1st
STEP) organic polymers, mainly insoluble, have carbohydrates and proteins in their
composition, lipids, different fiber fractions, such as lignin, are decomposed into soluble
monomers, such as monosaccharides, amino acids and fatty acids (Liu and Whitman, 2008;
Shah et al., 2014).

This metabolic process is performed by the first large group of microorganisms -
hydrolytics - that excrete extracellular enzymes, such as hydrolases (amylases, proteases and
lipases) that "couple™ insoluble polymers, breaking them, resulting in products that will be used
as carbon sources and electron donors in subsequent stages (Liu and Whitman, 2008; Shah et
al., 2014).

Shah et al. (2014) highlight that acidogenesis can occur bidirectionally, driven by
hydrogenation and dehydrogenation processes, that is, referring to the inclusion of molecular
hydrogen to monomers from hydrolysis; and conversely, the dehydrogenation that corresponds
to the rupture of the hydrogen atom of the substrate.

The microbiota that conducts the acid phase (2nd STEP) are acidifying bacteria; these
absorb low molecular weight products, using them as an energy source, and excreting
aldehydes, carbon dioxide, hydrogen, short-chain organic acids (formime, acetic, propionic,
butyric and pentatonic) and alcohols (methanol, ethanol) (Shah et al., 2014).
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Figure 3. Diagram of metabolic routes of digestion of organic solid waste by anaerobic route.
Legend: 1st Stage: Hydrolysis; Step 2: Acidogenesis; Step 3: Acetogenesis; Step 4: Menogenesis.
Source: Lettinga et al. (1996); Shah et al. (2014).

The fermentative stages of hydrolysis and acidogenesis comprise microbiological
intercropping, which is mostly performed by the phylogenetic presence of the Bacteria domain,
with Bacteroidetes and Firmicutes being the most recurrent phylum. However, there is still little
clarity in sequencing the 16S rDNA gene for the hydrolytic and acidogenic microbiota, as well
as for communities involved in adverse conditions, such as at high temperatures (Cardinali-
Rezende et al., 2016; Li et al., 2022; Amin et al., 2021).

Acetogenesis (3rd STAGE) is essential for the efficiency of methanogenesis, being the last
phase of anaerobic digestion of organic compounds for biogas production, primarily CHs -
comprises up to 70% of its composition - which arises from the reduction of acetates. During
the acetogenesis phase, approximately 25% of acetates are formed and approximately 11% of
hydrogen is produced in the digestion of process residues. Other products of the metabolization
of matter are fatty acids and alcohols, which are not directly catabolized by methanogenic,
requiring the synthesis action performed by autotrophic methanogenic strains and
homoacetogenic bacteria, resulting in a secondary fermentation of organic acids in CO2, Hz and
acetate (Shah et al., 2014; Li et al., 2022; Amin et al., 2021).

For acetogenesis there is the action of specialized bacteria in converting products from the
acid phase to acetate. However, among these products, volatile fatty acids are not easily
metabolized, requiring the joint initiative of acetogenic bacteria in syntrophy with
methanogenic archaeas. The literature reports the presence of the genera Syntrophomonas and
Syntrophobacter during the conversion of these products (Shah et al.,2014; Rabii et al., 2019).

The presence of hydrogen in the medium favors the clarity for methanogenic archaea, and
although metabolic diversity is intense, some acetogenic microorganisms are unable to perform
any reaction in pure culture, being necessary the symbiotic action of homoacetogenic bacteria
with autotrophic methane bacteria, using the synotrophic action. In this context, it is understood
that syntrophism is a process in which the digestion of an unwanted compound occurs from the
interaction of two or more microorganisms and none of them can use this compound separately.
As a result of this interaction within an anaerobic reactor, the production of triphosphate
adenosine (ATP) from phosphorylation or oxidation of the substrate used in the metabolization
of fatty acids and alcohols produced by other acidogenic microorganisms is produced. Finally,
these compounds are converted into acetate that are used by methanogenics (Shah et al., 2014).
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During methanogenesis (4th STEP), the acetate produced in the previous stage is directly
metabolized by acetoclastic and hydrogenotrophic methanogenic arches. The direct conversion
of acetate to CHs is the responsibility of acetoclastics, while hydrogenotrophics convert
hydrogen and carbon dioxide, derived from the syntrophic action of organic acids, for the
production of CH4 (Shah et al., 2014; Li et al., 2022).

The microorganisms responsible for CH4 production are methanogenic, belonging to the
domain of the Archaeas, are obligatory anaerobic and conduct methanogenesis from three
routes: hydrogenotrophic, acetotrophic or acetochlortic and methyltrophic. The conduction
before the respective routes is defined from the substrates commonly used, CH:COOH, H> and
COo, but other compounds can be produced (Table 2) (Hu et al., 2018; Wang et al., 2020).

Table 2. Common reactions during methanogenesis.
COMPOUND PRODUCT

Hydrogen 4H, + CO; > CH4 + 2H,0
CH3COOH > CH4 + CO,
4HCOOH > CH4 + CO; + 2 H;0
Methanol 4 CH30OH > 3CH4 + CO2 + 2 H20

>
Acetate >
>
>
Carbon monoxide > 4CO + 2 H20 > CHq + 3H2CO;
>
>
>
>

Format

Trimethylamine 4(CH3)3N + 6 H,0 - 9CH4 + 3 CO2 + 4NH3
2(CH3)2NH + 2 H,0 = 3 CH4 + CO, + 2NHs
4(CHz)NH; + 2 H,0 > 3 CH4 + CO; + 4NH;
Methyl mercaptans 2(CHs)2S + 3 H,0 - 3 CH4 + CO; + H2S
Metais 2> 4Me0 + 8H" + CO;, > 4Me** + CHa+ 2 H,0O

Source: Taken from Shah et al. (2014).

Dimetilamina

Metilamina

The microbiota acting on methanogenesis are extremely sensitive to temperature and pH
variations, besides having its growth inhibited by high rates of volatile fatty acids, hydrogen,
ammonia and sulfur in the medium (Shah et al., 2014; Wang et al., 2018; Amin et al., 2021).

3.3. Influence of hydrogen ionic potential (pH) during anaerobic digestion

The pH is the factor that directly influences the microbiological activity during the
metabolization of organic matter and suffers the action of virtually all monitoring parameters,
such as: the substrate itself has a range in which the pH fits; the composition of the substrate
and the first stage of its metabolization can result in volatile acids, which favor pH decay; the
presence of free ammonia (NH*") or ammonium ion (NH*") reflects in the decay of the pH;
these and other factors may lead to variations in the pH range present in the ecosystem in which
digestion occurs (Meegoda et al., 2018; Li et al., 2022).

The literature commonly reports anaerobic digestion performed in reactors as two major
stages: hydrolysis/acidification and methanogenesis, which induces to characterize the first
stage of the process as acidic and the second as neutral. However, studies already return varied
ranges for the different types of microorganisms that act on the consumption of organic matter,
and these ranges should be suitable even for the growth of the microbiota and subsequent
performance (Srisowmeya et al., 2020; Cremonez et al., 2021).

The group of hydrolytic bacteria initiate their growth often in slightly acidic to alkaline
media. PH values < 4.0 can suppress the growth and performance of hydrolytic enzymes. With
the appearance of soluble compounds, there is the beginning of microbiological activity of
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acidogenics — ideal range of action between 5 and 6.5 contemplating the formation of short-
chain organic acids (acetate, propionate and butyrate). These acids can accumulate in the
medium and favor excessive pH decay and lead to medium instability (Cremonez et al., 2021,
Lietal., 2022).

As fatty acids and alcohols are not directly catabolized by methanogenic archaea,
acetogenic bacteria have the action to metabolize acidogenesis products, transforming them into
substrates for subsequent stages. While the acetogenic microbiota is established in the medium,
there is an increase in the pH of the same, being a critical factor in relation to acidogenic
bacteria, leading to the disruption of the cytoplasmic membrane; that is, there is a substitution
of the microbiota in the medium, dictated by the variation of pH, and it is found that the reaction
medium is in ideal conditions for methanogenic activity at rates between 6.5 - 8.2 (Bajpai, 2017
Amin et al., 2021).

3.3.1. The presence of volatile fatty acids (GVA) in the reaction medium

Volatile fatty acids (GVA) are products of the acid phase of the anaerobic reactor and
directly influence the presence of methanogenic strains. The acids commonly reported in the
literature present in acetic anaerobic digestion, propionic acid, butyric acid, valvalesse acid,
succinate acid, and others, and behave with metabolic constituents during acetogenesis, serving
as a substrate for the synthetic action of homoacetogenic bacteria and autotrophic methane
bacteria. The persistence of AGVs in the reaction medium causes the inhibition of several
methanogenic groups, due to the decay of the pH. The methanogenic microbiota has optimal
acclimatization conditions ranging from 6.5 to 8.2 (Shah et al., 2014; Li et al., 2022).

3.3.2. Influence of temperature

Microorganisms have a specific classification according to the ideal range of
acclimatization and performance in the digestion of organic matter; the literature reports higher
activities in mesophilic conditions, with an optimal temperature around 35°C, due to the better
control of the operational conditions of the reactor. However, studies indicate an interesting
behavior regarding the reduction of recalcitrant matter in the system when the operation takes
place at thermophilic temperatures, having its ideal range for action around 55°C. High
temperatures result in an increase in reaction speed, which implies an increase in the speed in
the conversion of organic load, in a shorter holding time. In addition, there is a medium that
causes the lysis of possible pathogens present in the medium (Kasinath et al., 2021).

Significantly, the literature usually performs the operation of anaerobic reactors under
mesophilic conditions, due to ease of operation, lower energy cost, besides favoring ideal ranges
for CH4 production, between 30 - 40°C (Khalid et al., 2011; Wellinger et al., 2013).

3.3.3. Influence of Carbon and Nitrogen (C/N) relationship of reaction medium

The relationship between carbon and nitrogen represents the nutritional balance that
anaerobic microorganisms need to grow. Optimal values of the C/N ratio surround the ratio of
20:1 — 30:1; outside these conditions, there are implications for microbial growth, due to lack
of nutrients, or toxicity of excessive proportions in the environment (Chen et al., 2019).

The excessive presence of carbon can lead to acidification of the medium, due to the
presence of GVA. And, nitrogen, which is an inorganic nutrient essential for the biological
growth of microorganisms acting mainly in protein synthesis, in anaerobic reactors, when at
unwanted concentrations of 1800 g/L, in the forms of ammonia and organic nitrogen, the
inhibition of microbial consortia for the production of CH4 (Chen et al., 2019; Chatterjee and
Mazumder, 2020).

The literature commonly uses this parameter to justify the applicability of anaerobic co-
digestion, since in substrates that have a low relationship between carbon and nitrogen it is
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indicative of low digestion efficiency. Therefore, co-digestion is based on mono digestion
practices (Chatterjee and Mazumder, 2020).

3.3.4. Influence of applied organic load

Another fundamental parameter is the applied organic load (OLR), being expressed by the
quantity of organic matter in terms of chemical demand, mass of oxygen or volatile solids, per
unit of time applied in the reactor, in a volume unit. There is greater stability in relation to the
microbiota present in the reactor when it has ideal amounts of OLR, serving as a substrate for
microorganisms to develop. However, overload or shock can result in rapid degradation of
macromolecules, leading to the accumulation of volatile fatty acids, leading to the acidity of
the reaction medium and instability or even inhibition of the activity of methanogenic
microorganisms (Barber, 2005; Ganidi et al., 2011).

3.3.5. Influence of the proportion between substrate and inoculum on the reaction

The hydrolytic stage is commonly reported in the literature as an inhibiting stage of AD,
all due to the fact that the initial activity of microorganisms reflects the adaptation to culture in
the environment, the conditions of the environment and the availability of substrate and
nutrients necessary to promote the production of new cells, comprising the lag phase in the
microbiological growth cycle, which delay the start of the process. However, the initial rate of
biodegradation can be improved by using an inoculum (1) that comprises good nutritional loads.
Yoon et al. (2014) and Gundoshmian and Ahmadi-Pirlou (2022) mention that the S/I ratio is
obtained from the ratio of volatile solids (VS) content present in the substrate by the VS content
or volatile solids suspended (VSS) content of the inoculum. Commonly, the inoculum is the
product already biodigested, with high methanogenic loads present and the introduction of this
in the system in different proportions can supply the deficiencies of the substrate (S).

To define an ideal relationship between S/I can be given through biomethanization
potential tests (BMP) of organic matter or also by the methanogenic activity test (AME).
Holliger et at. (2016), Caillet et al. (2019), Mansour et al. (2022) still mention the following
characterization: easily degradable substrates tend to have a rapid production of volatile fatty
acids (GVA), which can cause the souring of the biodigestate, it is necessary to establish a ratio
of inoculum quantity is higher than that of substrate, in proportion to the proportion in which
I/S is greater than or equal to 4 or S/1=0.25. For substrates that have a higher recalcitrant
composition, there is the suggestion of addressing a proportion in which 1I/S is less than or equal
to 1 or S/1=1.

3.3.6. Challenges in applicability

What has been commonly evidenced by the literature in recent years are experiences of
applications of installation of biogas plants in small to large scale in a context of home/rural to
industrial applicability, with the aim of using the OSW and reducing energy costs from the use
of biogas as a renewable source. However, there is still a great challenge in defining models of
reactors that have the ideal production of biogas, especially in a large-scale context of operation.
Kacprzak et al. (2010), Hubenov et al. (2015), Ghosh et al. (2020a) mentioned that reactors
operating in a single stage present difficulties in the productive yield of biogas due to the fact
that the four stages of AD occur simultaneously in the same space, making it difficult to control
metabolic, nutritional and operational properties.

Authors Nasr et al. (2012), Montgomery and Bochmann (2014) reported that reactors
operating in two stages, in acid and methanogenic phase, may have better yields in methane
production, shorter retention times and greater control of operational parameters, but costs may
be higher.

Other factors that also impose the dissemination of AD for biogas production from OSW
are closely associated with the lack of incentives on the part of local governments in the granting
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of financing, research and subsidies that integrate economic, social and environmental interests
in a context of small and large companies, whether in the context of home/rural to industrial.
Ghosh et al. (2020b) also reported that inadequate management of OSW is generally neglected
in growing countries, making it difficult to use as substrate in biogas production plants.

4. CONCLUSIONS

The increasing participation of biomass in the current energy scenario strengthens the
perception of sustainability due to the reduction of negative environmental impacts associated
with the use of fossil fuels, especially if the biomass used comes from the energy recovery of
organic solid waste (OSW). This recovery is favored by Anaerobic Digestion, having as its
main product biogas, an important contributor in the electrical matrix in several countries, such
as Germany, United States, China, Brazil and others. In this context, the scientific community
has a challenging role to contribute in relation to biochemical, microbiological and engineering
studies for the dissemination of Anaerobic Digestion as a biological treatment technology for
organic solid waste, and local governments should have an intensified participation in the
provision of financial and technological subsidies for the development of research in the energy
sectors, engineering and environment, for the application of such large-scale treatment
technology.

5. REFERENCES

ANGERIZ-CAMPOY, R.; FDEZ-GUELFO, L. A.; ALVAREZ-GALLEGO, C. J.; ROMERO-
GARCIA, L. I. Inhibition of the Hydrolytic Phase in the Production of Biohydrogen by
Dark Fermentation of Organic Solid Waste. Energy & fuels, v. 31, p. 7176-7184, 2017.
https://dx.doi.org/10.1021/acs.energyfuels.7b00847

AMIN, F. R.; KHALID, H.; EL-MASHAD, H. M.; CHEN, C.; LIU, G.; ZHANG, R. Functions
of bacteria and archaea participating in the bioconversion of organic waste for methane
production.  Science of the Total Environment, v. 763, 2021.
https://doi.org/10.1016/j.scitotenv.2020.143007.

ASSAM, Z. Z.; POULSEN, G. T.; NIZAMI, A. S.; RAFIQUE, R.; KIELY, G.; MURPHY, J.
D. How can we improve biomethane production per unit of feedstock in biogas plants?
Applied Energy, V. 88, p. 2013-2018, 2011.
https://doi.org/10.1016/j.apenergy.2010.12.036

BAJPAI, P. Process Parameters Affecting Anaerobic Digestion. In: BAJPAI, P. Anaerobic
Technology in Pulp and Paper Industry. (SpringerBriefs in Applied Sciences and
Technology). Singapore: Springer, 2017. p. 13-17. https://doi.org/10.1007/978-981-10-
4130-3_3

BARBER, W. Water 21 Casebook-Anaerobic digester foaming: Causes and solutions. Water
21, p. 45-50, 2005.

CAILLET, H.; LEBON, E.; AKINLABI, E.; MADYIRA, D.; ADELARD, L. Influence of
inoculum to substrate ratio on methane production in Biochemical Methane Potential
(BMP) tests of sugarcane distillery waste water. Procedia Manufacturing, v. 35, p. 259—
264, 2019. https://dx.doi.org/10.1016/j.promfg.2019.05.037

Rev. Ambient. Agua vol. 18, €2891 - Taubaté 2023
IPABH?


https://dx.doi.org/10.1021/acs.energyfuels.7b00847
https://doi.org/10.1016/j.scitotenv.2020.143007
https://doi.org/10.1016/j.apenergy.2010.12.036
https://doi.org/10.1007/978-981-10-4130-3_3
https://doi.org/10.1007/978-981-10-4130-3_3
https://dx.doi.org/10.1016/j.promfg.2019.05.037

Bibliometric analysis on the applicability of anaerobic ... 11

CARDINALI-REZENDE, J.; ROJAS-OJEDA, P.; NASCIMENTO, A. M. A.; SANZ, J. L.
Proteolytic bacterial dominance in a full-scale municipal solid waste anaerobic reactor
assessed by 454 pyrosequencing technology. Chemosphere, v. 146, p. 519-525, 2016.
https://dx.doi.org/10.1016/j.chemosphere.2015.12.003

CHATTERJEE, B.; MAZUMDER, D. New approach to characterization of fruit and vegetable
residues (VWF) to verify its biological stabilization through two-stage anaerobic
digestion (AD). Biomass & Bioenergy, V. 139, 2020.
https://doi.org/10.1016/j.biombioe.2020.105594.

CHEN, Y.; ZHU, R.; JIANG, Q.; SUN, T.; LI, M.; SHI, J. et al. Effects of green waste
participation on the co-digestion of residual sludge and kitchen waste: A preliminary
study. Science of The Total Environment, v. 671, p. 838-849, 2019.
https://dx.doi.org/10.1016/j.scitotenv.2019.03.339

CREMONEZ, P. A.; TELEKEN, J. G.; WEISER MEIER, T. R.; ALVES, H. J. Digestdo
anaerdbica em duas etapas no tratamento de residuos agroindustriais: Revisdo. Revista
de gestdo ambiental, v. 281, 2021. https://doi.org/10.1016/j.jenvman.2020.111854.

DI MARIA, F.; BARRATTA, M. Boosting methane generation by co-digestion of sludge with
fruit and vegetable waste: Internal environment of digester and methanogenic pathway.
Waste Management, V. 43, p. 130-136, 2015.
https://dx.doi.org/10.1016/j.wasman.2015.06.007

GANIDI, N.; TYRREL, S.; CARTMELL, E. The effect of organic loading rate on foam
initiation during mesophilic anaerobic digestion of municipal wastewater sludge.
Bioresource  Technology, V. 102, n. 12, p. 6637-6643, 2011.
https://dx.doi.org/10.1016/j.biortech.2011.03.057

GARCIA-PENA, E. I.; PARAMESWARAN, P.; KANG, D. W.; CANUL-CHAN, M,
KRAJMALNIK-BROWN, R. Anaerobic digestion and co-digestion processes of
vegetable and fruit residues: Process and microbial ecology. Bioresource Technology,
v. 102, n. 20, p. 94479455, 2011. https://dx.doi.org/10.1016/j.biortech.2011.07.068

GHOSH, P.; KUMAR, M.; KAPOOR, R.; KUMAR, S. S.; SINGH, L.; VIJAY, V. Enhanced
biogas production from municipal solid waste via co-digestion with sewage sludge and
metabolic pathway analysis. Bioresource technology, v. 296, 2020a.
https://doi.org/10.1016/j.biortech.2019.122275

GHOSH, P.; SHAH, G.; SAHOTA, S.; SINGH, L.; VIJAY, V. K. Biogas production from
waste: technical overview, progress and challenges. In: SINGH, L. et al. (eds.).
Bioreactors. Elsevier, 2020b. p. 89-104. https://dx.doi.org/10.1016/b978-0-12-821264-
6.00007-3

GUNDOSHMIAN, T. M.; AHMADI-PIRLOU, M. Increasing biogas and methane yield by
adding sewage sludge and zero-valent iron nanoparticles during the single-stage
anaerobic digestion with municipal solid waste. International Journal of Energy
Research, v. 46, n. 14, p. 20611-20623, 2022. https://doi.org/10.1002/er.7673

HOLLIGER, C.; ALVES, M.; ANDRADE, D.; ANGELIDAKI, I.; ASTALS, S.; BAIER, U. et
al. Towards a standardization of biomethane potential tests. Water Science and
Technology, v. 74, n. 11, p. 2515-2522, 2016. https://dx.doi.org/10.2166/wst.2016.336

BN Rev. Ambient. Agua vol. 18, €2891 - Taubaté 2023
IPABH?


https://dx.doi.org/10.1016/j.chemosphere.2015.12.003
https://doi.org/10.1016/j.biombioe.2020.105594
https://dx.doi.org/10.1016/j.scitotenv.2019.03.339
https://doi.org/10.1016/j.jenvman.2020.111854
https://dx.doi.org/10.1016/j.wasman.2015.06.007
https://dx.doi.org/10.1016/j.biortech.2011.03.057
https://dx.doi.org/10.1016/j.biortech.2011.07.068
https://doi.org/10.1016/j.biortech.2019.122275
https://dx.doi.org/10.1016/b978-0-12-821264-6.00007-3
https://dx.doi.org/10.1016/b978-0-12-821264-6.00007-3
https://doi.org/10.1002/er.7673
https://dx.doi.org/10.2166/wst.2016.336

12 Ingrid Lélis Ricarte Cavalcanti et al.

HU, Y.; WU, J.; PONCIN, S.; CAO, Z.; LI, Z.; LI, H Z. Flow field investigation of high solid
anaerobic digestionby Particle Image Velocimetry (PIV). Science of the Total
Environment, v. 626, p. 592-602, 2018. https://doi.org/10.1016/j.scitotenv.2018.01.111

HUBENOV, V.; MIHAYLOVA, S.; SIMEONOQV, I. Anaerobic co-digestion of waste fruits
and vegetables and swine manure in a pilot-scale bioreactor. Bulgarian Chemical
Communications, v. 47, p. 788-792, 2015.

KACPRZAK, A.; KRZYSTEK, L.; LEDAKOWICZ, S. Co-digestion of agricultural and
industrial  wastes.  Chemical Papers, v. 64, p. 127-131, 2010.
https://doi.org/10.2478/s11696-009-0108-5

KASINATH, A.; FUDALA-KSIAZEK, S.; SZOPINSKA, M.; BYLINSKI, H,;
ARTICHOWICZ, W.; REMISZEWSKA-SKWAREK, A. et al. Biomass in biogas
production: Pretreatment and codigestion. Renewable and Sustainable Energy
Reviews, v. 150, 2021. https://dx.doi.org/10.1016/j.rser.2021.111509

KHALID, A.; ARSHAD, M.; ANJUM, M.; MAHMOOQOD, T.; DAWSON, L. The anaerobic
digestion of solid organic waste. Waste Management, v. 31, n. 8, p. 1737-1744, 2011.
https://dx.doi.org/10.1016/j.wasman.2011.03.021

KIM, S. H.; KIM, C. H.; YOON, Y. M. Bioenergy and methane production potential by life
cycle assessment in swine waste biomass. Korean Journal of Soil Science and
Fertilizer, 44:1245-1251, 2011. https://doi.org/10.7745/KJSSF.2011.44.6.1245

LETTINGA, G.; HULSHOFF POL, L.W.; ZEEMANG G. Biological wastewater treatment.
Lecture notes. Wageningen Agricultural University, 1996.

LI, B.Y.; XIA, Z. Y.; MIN, G.; SUN, Z. Y.; HUANG, Y. L.; JIAO, S. B. et al. Production of
volatile fatty acid from fruit waste by anaerobic digestion at high organic loading rates:
Performance and microbial community characteristics. Bioresource Technology, v. 346,
2022. https://doi.org/10.1016/j.biortech.2021.126648

LIU, Y.; WHITMAN, W. B. Metabolic, phylogenetic, and ecological diversity of the
methanogenic archaea. Annals of the New York Academy of Sciences, v. 1125, 2008.
https://doi.org/10.1196/annals.1419.019.

MANSOUR, M.-N. et al. The influence of substrate/inoculum ratio, inoculum source and
ammonia inhibition on anaerobic digestion of poultry waste. Environmental
Technology, p. 1-38, 2022. https://doi.org/10.1080/09593330.2022.2157754

MEEGODA, J. N,; LI, B.; PATEL, K.; WANG, L. B. A Review of the Processes, Parameters,
and Optimization of Anaerobic Digestion. International journal of environmental
research and public health, v. 15, n. 10, 2018. https://doi.org/10.3390/ijerph15102224.

MONTGOMERY, L. F.; BOCHMANN, G. Pretreatment of feedstock for enhanced biogas
production. IEA Bioenergy Ireland, 2014.

NASR, N.; ELBESHBISHY, E.; HAFEZ, H.; NAKHLA, G.; EL NAGGAR, M. H.
Comparative assessment of single-stage and two-stage anaerobic digestion for the
treatment of thin still-age. Bioresource Technology, v. 111. p. 122-126, 2012.
https://doi.org/10.1016/j.biortech.2012.02.019

Rev. Ambient. Agua vol. 18, €2891 - Taubaté 2023 AN
IPABH1?


https://doi.org/10.1016/j.scitotenv.2018.01.111
https://doi.org/10.2478/s11696-009-0108-5
https://dx.doi.org/10.1016/j.rser.2021.111509
https://dx.doi.org/10.1016/j.wasman.2011.03.021
https://doi.org/10.7745/KJSSF.2011.44.6.1245
https://doi.org/10.1016/j.biortech.2021.126648
https://doi.org/10.1196/annals.1419.019
https://doi.org/10.1080/09593330.2022.2157754
https://doi.org/10.3390/ijerph15102224
https://doi.org/10.1016/j.biortech.2012.02.019

Bibliometric analysis on the applicability of anaerobic ... 13

RABII, A.; ALDIN, S.; DAHMAN, Y.; ELBESHBISHY, E. A Review on Anaerobic Co-
Digestion with a Focus on the Microbial Populations and the Effect of Multi-Stage
Digester Configuration. Energias, v. 12, n. 6, 2019. https://doi.org/10.3390/en12061106

SHAH, A. F.; QAISAR, M.; SHAH, M.; PERVEZ, A.; SAEED, A. Microbial Ecology of
Anaerobic Digesters: The Main Actors of Anaerobiosis. The Scientific World Journal,
2014. https://doi.org/10.1155/2014/183752

SRISOWMEYA, G.; CHAKRAVARTHY, M.; DEVI, G. Nandhini. Critical considerations in
two-stage anaerobic digestion of food waste—A review. Renewable and Sustainable
Energy Reviews, v. 119, p. 109587, 2020. https://doi.org/10.1016/j.rser.2019.109587

TYAGI, V. K.; FDEZ-GUELFO, L. A. ZHOU, Y.; ALVAREZ-GALLEGO, C. J.; GARCIA,
L. I. R.; NG, W. J. Anaerobic co-digestion of organic fraction of municipal solid waste
(ofmsw): progress and challenges. Renewable and sustainable energy reviews, v. 93,
p. 380-399, 2018. https://doi.org/10.1016/j.rser.2018.05.051

WANG, Y.; LI, G.; CHI, M.; SUN, Y.; ZHANG, J.; JIANG, S. Effects of co-digestion of
cucumber residues to corn stover and pig manure ratio on methane production in solid
state anaerobic digestion. Bioresource Technology, v. 250, p. 328-336, 2018.
https://doi.org/10.1016/j.biortech.2017.11.055

WANG, Q.; ZHANG, P.; BAO, S.; LIANG, J.; WU, Y.; CHEN, N. et al. Chain elongation
performances with anaerobic fermentation liquid from sewage sludge with high total solid
as  electron acceptor. Bioresource  technology, V. 306, 2020.
https://doi.org/10.1016/j.biortech.2020.123188

WELLINGER, A.; MURPHY, J.; BAXTER, D. (eds.). The biogas handbook: science,
production and applications. Cambridge: Woodhead Publishing, 2013.

WORLD BANK. What a Waste 2.0 A Global Snapshot of Solid Waste Management to
2050: Overview booklet. Washington: World Bank Publications, 2018. Overview
booklet. Available in:
https://openknowledge.worldbank.org/server/api/core/bitstreams/92a50475-3878-5984-
829e-0a09a6a9badc/content Access: 2022.

YOON, Y. M.; KIM, S. H.; SHIN, K. S.; KIM, C. H. Effects of substrate/inoculum ratio on the
biochemical potential of methane from residues of pig slaughterhouses. Asian-
Australasian  Journal of Animal Sciences, v. 27, n. 4, 2014
https://doi.org/10.5713%2Fajas.2013.13537

ZHAO, J.; WANG, Z.; L1, J.; BEIBEI, Y.; CHEN, G. Pyrolysis of food waste and food waste
solid digestate: A comparative investigation. Bioresource Technology, v. 354, 2022.
https://doi.org/10.1016/j.biortech.2022.127191

BN Rev. Ambient. Agua vol. 18, €2891 - Taubaté 2023
IPABH?


https://doi.org/10.3390/en12061106
https://doi.org/10.1155/2014/183752
https://doi.org/10.1016/j.rser.2019.109587
https://doi.org/10.1016/j.rser.2018.05.051
https://doi.org/10.1016/j.biortech.2017.11.055
https://doi.org/10.1016/j.biortech.2020.123188
https://openknowledge.worldbank.org/server/api/core/bitstreams/92a50475-3878-5984-829e-0a09a6a9badc/content
https://openknowledge.worldbank.org/server/api/core/bitstreams/92a50475-3878-5984-829e-0a09a6a9badc/content
https://doi.org/10.5713%2Fajas.2013.13537
https://doi.org/10.1016/j.biortech.2022.127191

